Abstract. We collected GPS data from the southern Tarim basin, the Qaidam basin, and the western Kunlun Shan region between 1993 and 1998 to determine crustal deformation along the Altyn Tagh fault system at the northern margin of the Tibetan plateau. We conclude from these data that the Altyn Tagh is a left-lateral strike slip fault with a current slip rate of •9 mm/yr, in sharp contrast with geological estimates of 20-30 mm/yr. This contrast poses an enigma: because the GPS data cover a wider region than the geologic data, they might be expected to reveal somewhat more slip. We also find that the Tarim and Qaidam basins behave as rigid blocks within the uncertainty of our measurements, rotating clockwise at a rate of •11 and •4.5 nrad/yr, respectively, with respect to the Eurasia plate. The rotation of the Tarim basin causes convergence across the Tian Shan, increasing progressively westward from •6 mm/yr at 87øE to •18 mm/yr at 77øE. Our data and other GPS data suggest that the Indo-Asia collision is mainly accommodated by crustal shortening along the main Himalayan thrust system (•53%) and the Tian Shan contractional belt (•19%). Eastward extrusion of the Tibetan plateau along the Altyn Tagh and Kunlun faults accommodates only •23% of the Indo-Asia convergence.
Introduction
In the past decades, two end-member models have emerged to characterize the mechanical behavior of continental deformation.
In one view, the continents undergo distributed deformation [e.g., Bird and Piper, 1981; England and Houseman, 1986; Houseman and England, 1996; Royden et al., 1997; Holt et al., 1995 Holt et al., , 2000 . In another view, continents deform as a collage of rigid blocks whose motions may be described by the same rules so successfully applied to the kinematics of oceanic plates (e.g., see Weldon and Humphreys [1986] for the San Andreas system, Wernicke et al. [1988] for the Basin and Range extensional system, and Avouac and Tapponnier [1993] for the Indo-Asian collision zone). These contrasting views on the behavior of continental deformation are best exemplified by the two wellknown hypotheses for Cenozoic deformation of Asia due to the Indo-Asian collision: (1) distributed crustal thickening [Dewey and Burke, 1973; England and Houseman, 1986] The Altyn Tagh fault is seismically active. Two large earthquakes (both inferred to be M = 7.2) occurred west of Qiemo along the fault in 1924 [Abe, 1984; SSBC, 1992] . In 1933, another earthquake of M: 6.7 occurred along the fault south of Qiemo [SSBC, 1992] (Figure 2 ). However, contemporary instrumental recordings revealed only a minor level of seismicity along the entire fault system. The seismicity maps of Ma [1989] and SSBC [1992] showed that numerous M--5-6 earthquakes occurred in the Qaidam basin from mid-1960s to early 1990s, mostly within the Qimen Tagh thrust system and in the region south of Qinghai Lake. The largest earthquake in the region was an M: 7.6 left slip event (the Manyi earthquake) in 1997 along a nearly east-west trending fault at the eastern termination region of the Kunlun fault [Peltzer et al., 1999] (Figure 2 ).
GPS Data Collection and Analysis
GPS experiments were conducted along the northern margin of Tibet and the southern Tarim basin on both sides of the Altyn Tagh system by Chinese survey teams in 1993, 1994, 1996, and 1997 and by a joint UCLA-China survey team in 1998 ( Figure  1) . A total of 25 stations were occupied for 2-5 days during each experiment, with 8-24 hours of data collected each day (Table 1) . Two stations located on both the northern and southern ends of the eastern Tian Shan (ULUM and KURL) were Table 1 for a detailed site occupation history. We processed the GPS data in three steps. First, all the survey mode data collected in the Altyn Tagh region were processed together with the data collected from regional IGS tracking stations in Asia using the GAMIT software [King and Bock, 1995] . The phase data were modeled to solve for parameters such as station positions, satellite orbits, polar motions, and atmospheric delay corrections. A loosely constrained solution for the station positions was obtained for each day. In the next step we combined the regional daily solutions with the global solutions of •60 tracking sites produced at the Scripps Orbital and Position Analysis Center (SOPAC [Bock et al., 1997] ) using the GLOBK software [Herring, 1995] . Common parameters in both solutions, such as the satellite orbits, polar motions, and tracking station positions, were solved with loose constraints on all the parameters. In the last step we estimated station positions and velocities using the QOCA software [Dong et al., 1998 ] (also see http://gipsy.jpl.nasa.gov/ qoca). To strengthen the solutions at the global tracking sites, we also added about a month of the SOPAC global solutions each year for 1992, 1995, 1999, and 2000, during which no regional data were collected. The QOCA modeling of the data was done through sequential Kalman filtering, allowing adjustment for global translation and rotation of each daily solution. Random walk style perturbations were allowed for some parameters whose errors were found correlated with time (e.g., the Earth's rotation parameters and the antenna heights at a few sites). For more details about the data analysis procedure and uncertainty estimation, please refer to Shen et [Sillard et al., 1998 ] (see also http:/lareg.ensg.ign.fr/ITRF/ ITRF97) to constrain our solution. We chose as our reference stations those whose formal ITRF97 velocity uncertainties are <0.5 mm/yr. We then linked our velocities at the sites to their ITRF97 values with uncertainties of 2, 2, and 4 mm/yr for the east, north, and up components, respectively. The purpose of doing so was to better integrate the regional solutions with a well-defined global reference frame. This is especially important for the early years data, when the International GPS Service (IGS) network coverage was quite thin in east Asia. In the next step we rotated the solution to a Eurasia fixed reference frame by minimizing the velocity RMS at a number of sites located in Siberia, western and northern Europe, and Svalbard Island in the Arctic Ocean. All these sites are believed to be in the stable part of the Eurasia plate. We started with 18 such stations and estimated the rotation parameters iteratively: in each step removing from the least squares adjustment a site with the largest postfit residual of the horizontal velocity components. The iteration was stopped when all postfit residuals of the horizontal At the western end of the Altyn Tagh fault system the Karakash fault in the western Kunlun Shan slips left laterally at a rate of 7 + 3 mm/yr, determined from station velocities of four sites (HANI, HETI, DAHO, and TIEL) located across the fault. In addition, a convergence rate of 2 + 2 mm/yr in the direction of N10øE is detected across the eastern segment of the western Kunlun thrust belt. Both the left slip rate along the Karakash fault and convergence rate across the western Kunlun thrust belt increase westward. This is shown as a 7 + 2 mm/yr convergence in the direction of N50øE between SHAC and TAHE, some 180 km apart from each other across the thrust. A left slip rate of 11 + 2 mm/yr is also detected between the two stations parallel to the western Kunlun Shan trending N40øW.
Our GPS measurements also detect significant deformation at the western end of the southern Tian Shan thrust belt [IS'n et al., 1998]. Station KASH at town Kashgar moves southward with Earthquake stress may accelerate the deformation near the rupture zone, so that long after a large earthquake, the strain rate may be lower than average. Also, most of the Altyn Tagh fault has not been ruptured for more than a century. However, the geodetic data cover a wide zone, and they should be relatively insensitive to deformation from individual earthquakes. If earthquakes are responsible for the longer-term geologic slip rate, then they must have occurred on the Altyn Tagh fault at a phenomenal rate in the past. Intensive efforts to date Quaternary slip rates along the Altyn Tagh Northernmost Tibet moves •8 mm/yr eastward, and the Tarim basin shows no detectable motion with respect to Siberia. The eastward motion of the Tibetan plateau currently accommodates •23%, the Tian Shan system accommodates •19%, and the Himalaya thrust belt accommodates •53% of the Indo-Asia convergence. These three tectonic elements account for •95% of the Indo-Asia relative plate motion.
